Investigation of polarized IR reflectance spectra of single crystals is important in the course of obtaining vibrational, optical and dielectric properties of solid state samples. Diffraction X-ray methods are usually employed for crystal orientation. In this work, two IR reflectance methods were proposed as a supplement in determining the orientation of the b crystal axis and by that the ac crystal plane, in respect to the morphology of monoclinic single crystals. The methods were tested on two Tutton salt single crystals (K 2 Ni(SO 4 ) 2 ·6H 2 O and K 2 Ni(SeO 4 ) 2 ·6H 2 O) which were further compared with the cross-polarization IR reflectance method. Both methods relied on the symmetry and optical properties of monoclinic single crystals. One takes into account the fact that one of the principal axes of the dielectric tensor was symmetry fixed, while the other used the conditions for the appearance of an isosbestic-like point/region in the polarized IR reflectance spectra of single crystals with low symmetry.
INTRODUCTION
Many properties can be obtained from the polarized IR investigation of single crystals with symmetry lower than cubic. A complete data on the vibrational, optical and dielectric crystal properties can be acquired this way [1] [2] [3] [4] [5] [6] [7] [8] [9] . Even in order to model (simulate) optical and dielectric properties of a polycrystalline sample, according to the newly developed theories [10] [11] [12] , the knowledge of the dielectric tensor of a single crystal in the studied frequency range is needed, in particular, when the crystal is of monoclinic symmetry. Before spectra are recorded for further analysis, the orientation of the single crystal is required, i.e. finding the directions of the crystal axes with respect to crystal morphology. This is usually accomplished by X-ray diffraction experiment. It is sometimes coupled with an optical goniometer, in cases when the optical axis needs to be determined [13, 14] . Even then, a skill is needed in order to orient samples of single crystals with relatively large crystal surfaces (~ 0.5 × 0.5 cm at minimum) which are favorable for IR reflectance measurements. X-ray goniometers, offered nowadays at the instrument market are routinely employed in the orientation of large single crystals [15] . Nevertheless, such kind of equipment rarely accompanies laboratories investigating vibrational properties of materials. Thus, the possibility to employ the existing IR spectrometer for checking on the orientation of single crystals, for which the morphology and the structure has been reported, makes the process of investigation easier.
The methods proposed in this study relied on the symmetry selection rules and the laws of crystal optics. The selection rules for monoclinic crystal system are such that they allow discrimination of the vibrations from different symmetries by using polarized light [9] . By having the polarization vector of the external electric field along the b crystallographic axis or in the ac crystal plane, it is possible to distinguish between vibrations of A and B (C 2 factor group), A' and A'' (C s factor group) or A u and B u (C 2h factor group) symmetry type [16] . There is one principal difference between vibrations of different symmetry types. Namely, if the b, i.e. y axis is chosen as unique axis, the A, A' and A u symmetry type vibrations have transition dipole moments oriented along (i.e. parallel to) this axis which is, in the same time, a principal dielectric axis [17] , while B, A'' and B u vibrations have transition dipole moments lying in the ac crystal plane [16] . For the later vibrations it is commonly said that they are frequency dependent [17, 18] , i.e. the orientation of their transition dipole moment in the ac plane depends on the frequency of the oscillator. Fortunately, theories exist for the model dielectric function that can be used to determine the dielectric, optical and vibrational properties of monoclinic single crystals under the condition of reflection at near-normal [18, 19] or oblique incidence angle [20] .
Cross-polarization IR spectroscopy methods are currently used to check the orientation of single crystals [21, 22] . Thus, a comparison in the sense of pros and cons of here proposed methods to cross-polarization is elaborated, too. To test crystal orientation using here proposed methods, FTIR spectrometer, equipped with a polarizer and reflectance cell at near-normal incidence is needed. Using these methods, the orientation of the b axis in monoclinic crystals can be checked or even found. However, to identify the b crystal axis direction on a new crystal sample requires trial and error measurements from crystal faces. The number of trials can be reduced by using a guide in morphological data, as for example the one presented in [23] . Knowing the direction of the b axis with respect to the crystal morphology is sufficient for some IR investigations, such as investigating modes of different symmetry type. However, for a proper identification of the a and c crystal axes directions in a single crystal, other techniques (like single crystal X-ray diffraction) are indispensable.
In this work, two methods for the orientation of monoclinic single crystals were proposed based on specular reflectance IR spectroscopy and were applied to two different Tutton salts, K 2 Ni(SeO 4 ) 2 ·6H 2 O and K 2 Ni(SO 4 ) 2 ·6H 2 O (hereafter KNiSeH and KNiSH). These crystals were used as model materials since a lot of our work has been dedicated to the investigation of molecular properties of Tutton salt single crystals using polarized IR reflectance measurements [1] [2] [3] [4] 24] . Particular attention was paid to the ν 3 (SeO 4 2-) and ν 3 (SO 4 2-) frequency regions, since the most prominent bands (as well as the most prominent differences) in the spectra of the two salts were located there.
Basic orientation of the single crystals was performed using an optical goniometer [2] and published morphological data [23] . The first method was based on the equal appearance of the polarized IR reflectance spectra obtained from crystal planes parallel to the b crystal axis. The second method relied on the characteristic appearance of an isosbestic-like point or isosbestic-like region (ILP or ILR, respectively) [25, 26] . These terms should not be confused with the isosbestic-point defined by IUPAC being the "wavelength, wave-number or frequency at which the total absorbance of a sample does not change during a chemical reaction or a physical change of the sample" and primarily used in the UV-Vis investigations [27] [28] [29] . According to IUPAC [30] , an example of the appearance of an isosbestic point is:
"… when one molecular entity is converted into another that has the same molar absorption coefficient at a given wavelength. As long as the sum of the concentrations of the two molecular entities in the solution is held constant there will be no change in absorbance at this wavelength as the ratio of the concentrations of the two entities is varied". The appearance of the ILP as explained in Section 4 (eq. 1), might be defined as: frequency, wavelength or wavenumber at which the reflectance of two partially-overlapping reflectance bands originating from two modes with mutually perpendicular transition dipole moments are independent of the angle of polarization in the plane formed by the transition dipole moments. The analogy between the isosbestic point and the isosbestic-like point is the existence of a non-variable spectral property (absorbance and reflectance, respectively) when changing the conditions (chemical/physical change and polarization change, respectively). Previous works on the reflectance spectra of crystals reveals that in crystal systems with symmetry higher then monoclinic, the appearance of an ILP is connected to the alignment of the vibrating dipoles along the principal dielectric axes [26] .
As a comparative method for a crystal orientation, cross-polarization IR reflectance spectra of the investigated crystals were given and discussed.
The primary aim of this paper was not to propose methods that could substitute for diffraction methods of crystal orientation, rather describe methods that could be used to check crystal orientation and determine the orientation of the b crystal axis and the ac crystal plane. This paper also showed how, by using simple arguments from the theory of light propagation in crystal solids, the theory of crystal symmetry and the theory of the dielectric properties of crystals with low symmetry, could lead to experimental possibilities for crystal orientation.
EXPERIMENTAL
A single crystal of KNiSeH (1 × 1 × 0.5 cm) was grown by slow evaporation from an aqueous solution that contained sublimated SeO 2 Both crystals were monoclinic, space group P2 1 /a, with Z = 2 and unit cell parameters of : a = 898.5 pm, b = 1216.7 pm, c = 612.8 pm; β = 105.08° for KNiSH [31] , and a = 917.9 pm, b = 1236.7 pm, c = 625.4 pm and β = 104.46° for KNiSeH [32] .
The unit-cell group for both crystals was C 2h . Crystal faces ac, bc and ab parallel and perpendicular to the b crystallographic axis were cut and polished.
IR polarized reflectance was performed using Varian Excalibur 3000 FT-IR spectrometer with 16° or 5° near-normal incidence angle while cross-polarization measurements were performed on a Perkin-Elmer System 2000. Polarization of the IR beam was obtained using an external KRS5/Al polarizer positioned for s-polarization. For cross-polarization measurements, the analyzer was positioned either parallel to the polarizer (sspolarization) or perpendicular to the polarizer (sppolarization). In order to obtain reflectance spectra which were supported by the theory used in this study, incidence angle closer to zero were needed. However, recording polarized reflectance spectra during a stepwise rotation of the sample around a fixed crystal axis could be performed only with the available Perkin-Elmer fixed angle reflectance accessory. Although the incidence angle was 16° it did not alter the results and the final conclusions. Using this accessory, polarized reflectance spectra were recorded from the ac, bc and ab crystal face using 4 cm -1 resolution for every 20° of polarization angle, ranging from 0° to 180°. Also, spectra at a near-normal incidence angle of 5° were recorded with polarization along the crystal axes using a Seagull (Harrick) variable-angle reflection accessory. Spectra from other crystal planes (that were not present by the morphology of the crystal samples) were obtained on the same crystals. Corresponding planes were obtained using cutting and polishing of the crystal.
The procedure for crystal orientation was as follows: grown single crystals were compared with morphological data (in this case ref. [23] ) and crystal planes and directions identified on the crystal sample. If the necessary planes existed in the crystal, the IR reflectance recordings could be obtained from the plane, or after its polishing (to exclude possible roughness or make the reflectance plane larger). If the plane was not present in the crystal (e.g. (010) plane in Tutton salts), cutting and polishing was required before recording spectra. As these were soft crystals "cutting" was actually polishing where rough polishing was performed using sand-paper of different grits and fine polishing was performed using 1 µm diamond suspension and a liquid lubricant/coolant. After the plane was polished to optical quality, IR reflection spectra were recorded in accordance with the proposed methods. If the obtained results did not match those expected, another set of planes was checked, until satisfactory results were obtained.
THEORETICAL BACKGROUND
The orientation of the monoclinic single crystal was based on the following principles of crystal optics:
1. Consider a plane wave with a wave vector k r in the direction of one of the crystal's principal dielectric axes (e.g. y) and linear polarization along the other axes (e.g. x), falling perpendicularly on the crystal surface ( Figure 1 ). The reflected and refracted waves will be then linearly polarized, retaining the polarization of the incoming ray [33, 34] .
2. Consider a plane wave with a wave vector k r in the direction of one of the crystal's principal dielectric axes (e.g. y) and a linear polarization at an azimuth angle between the other two principal axes (e.g. x and z), falling perpendicularly on the crystal surface (cf. Figure  1 ). The reflected and refracted waves will then be elliptically polarized due to the retardation in the phases of the electric fields along the principal x and z axes (being frequency dependent in monoclinic crystals [33] ). In 1 -no change in reflected polarization (along one of the principal axis) occurs when the incoming wave impinges normally along one of the principal dielectric axes with polarization along the other; 2 -elliptical polarization in the reflected wave occurs when the incoming wave impinges normally on a crystal plane along one of the principal axes, but with linear polarization not along any of the principal axes; 3 -no change in polarization in reflection occurs if the incidence wave is perpendicular to the y symmetry axis (monoclinic crystal system), with polarization along the axis.
2.1. In more general case, if the wave vector is along an arbitrary direction in the crystal, two linearly-polarized waves will result, with polarization vectors mutually perpendicular constituting the long and the short axis of the ellipse obtained as an intersection between the ellipsoid of wave normals and the plane perpendicular to the wave vector [17] . Polarization vector directions axis in monoclinic crystals), then one of the axis of the ellipsoid will be along the y axis, while the other will be fixed and perpendicular to it. If the wave is initially polarized in the direction of b axis, this polarization will remain on reflection or refraction.
3. Consider a plane wave with a wave vector k r lying in the crystal's principal dielectric plane xz (where principal dielectric axes directions for monoclinic crystals are frequency dependent [17] ) and polarization vector along the y principal dielectric axis. On reflection and refraction, this polarization will be preserved ( Figure 1 ).
RESULTS AND DISCUSSION
One possibility for spectroscopic identification of the unique b crystallographic axis was to record polarized spectra with the polarization of the incidence radiation along b axis, and normal (actually near-normal) reflectance from different planes parallel to this direction [24] . This experimental setup is in accordance with the Section 3, point 3, and one would expect identical spectra.
One must be however very careful if only the result of this rule was taken into account. If for example, polarized spectra were recorded from symmetry equivalent planes (110) and ) 0 1 1 ( , with polarization along the c crystal axis (c-polarization in the following text) the result shown in Figure 2 were obtained.
These data showed the reflectance spectra recorded from the ) 110 ( and ) 0 1 1 ( planes were the same. This occurred because of the presence of the glide plane (effectively a mirror plane) perpendicular to the b axis, so all the projections of the transition dipole moments whether of A u symmetry type (along the b axis) or B u symmetry type (in the ac crystal plane), were the same for both ) 110 ( and ) 0 1 1 ( planes. Additionally, the projection of polarization directions onto the b axis and the ac plane of the two extraordinary rays (Section 3, point 2.1), would be the same. To confirm this, spolarized near-normal reflectance spectra were recorded from these planes, rotating the KNiSeH crystal about the normal to each of the planes, counterclockwise for the (110) and clockwise for the ) 0 1 1 ( plane (Figure 3 ). (001) and (100) planes (right); the spectra are the same except for the intensity. Due to different polishing qualities of the crystal faces, the reflectance from the two planes differs slightly. Figure 3 shows that the corresponding spectra recorded from these two different planes, but for the same angle of polarization, were practically identical. The angle of polarization was the one between the polarization direction in the corresponding plane and the c axis.
The previous data suggested that if identical reflectance spectra were obtained for the same polarization direction by recording from symmetry equivalent planes, it did not necessarily mean that this polarization direction was parallel to a symmetry axis.
To check whether a certain direction was parallel to an axis of symmetry, spectra from nonequivalent crystal faces should be recorded. This was the case when spectra with polarization along the a crystal axis from the (001) and (010) crystal plane were recorded and compared (cf. Figure 2 middle). The two planes cannot be mapped onto each other via a symmetry operation. Also, due to crystal anisotropy, the reflectance spectra recorded with polarization along the a axis would be different. As seen from Figure 2 , the spectra differed for KNiSH in the ν 3 (SO 4 2-) region, in that, a singlet band was present for the spectrum recorded from the (001) plane while a doublet when the spectrum was recorded from the (010) plane. On the other hand, a complex band with comparable maximum reflectance frequencies appeared in the ν 3 (SeO 4 2-) region for spectra recorded from the (001) and (010) planes in the KNiSeH single crystal. Nevertheless, the band profiles were different (cf. Figure  2 ). These data were opposite when c-polarized spectra from symmetry equivalent planes were recorded (cf. Figure 2) .
Finally, spectra were recorded with polarization along the b axis, from (001) and (100) crystal planes, which are symmetry non-equivalent (Figure 2) . Obviously, pairs of spectra were identical for both KNiSH and KNiSeH single crystals. This was due to the fact that although the b crystal axis was an axis of symmetry, it also coincided with the direction of the y principal axis of the dielectric tensor [17] . Thus, the theory in Section 3, point 2.1 was applicable; polarized IR reflectance spectra, recorded for the same incidence angle from planes parallel to the b axis with polarization along this axis, would be the same.
For method one, if near-normal s-polarized reflectance spectra were recorded under the same direction of polarization, but from symmetry nonequivalent crystal faces, they would yield identical spectra, where the direction of polarization was parallel to the direction of the b-crystal axis and the perpendicular plane was the ac crystal plane. The method should also apply to non-centrosymmetric monoclinic crystals belonging to sphenoidal and domatic crystal classes (C 2 and C s factor groups, respectively). Although the C s factor group lacks a twofold symmetry axis, the y principal axis of the dielectric tensor is still oriented along the unique axis, in this case, the b axis.
The second method for orientation of monoclinic single crystals proposed in this work may be the most robust with respect to the experimental efforts needed, but could (as will be demonstrated) give more precise results. It was based on the theory of the appearance of an ILP in the polarized reflectance spectra of single crystals, particularly the appearance of an ILR in monoclinic crystals [26] . The basic concept was that an ILP would be present in the superimposed polarized IR reflectance spectra recorded from a principal plane if all transition dipole moments were oriented along the principal dielectric axes. This condition is satisfied however for crystals with symmetry as low as orthorhombic and is not (in principle) for spectra taken from the ac crystal plane in monoclinic crystals. In certain special cases, an ILR (i.e. a close frequency region in which all reflectance bands intersect) can also appear in the reflectance IR spectra for vibrations with transition dipole moments in the ac crystal plane [25, 26] , indicating that transition dipole moments of the vibrational modes are almost perpendicular [1] [2] [3] . The closer to perpendicular the directions of the transition dipole moments were, and the closer to being oriented along the directions of the background dielectric tensor ε(∞) principal axes [26] , the more ILR approached ILP. Our previous qualitative investigations on the appearance of the ILP in KNiSH and (NH 4 ) 2 Ni(SO 4 ) 2 ·6H 2 O Tutton salts [25] , showed that such a point/region appears for spectra recorded from the ac crystal plane in the region of SO 4 2-stretching vibrations. It was assumed, this was due to the perpendicular orientation of the transition dipole moments of the B u symmetry type for SO 4 2-stretching vibrations. This special orientation was thought to be valid for all Tutton salts, irrespective of their composition (i.e. the nature of the univalent and divalent cation and/or the anion). However, our recent investigations of the polarized reflectance spectra of KNiSeH and the performed dispersion analysis proved this (implicit) assumption is false [35] . Thus, no ILP (and not even an ILR) appeared when the polarized IR spectra were recorded from the ac crystal plane in the frequency region of SeO 4 2-stretching vibrations (Figure 4) . This picture however might lead to a wrong conclusion that crystal orientation was incorrect. This, as will be shown, was not the case.
The theoretical support for the experiment was given in Section 3, point 2.1, namely, when the wave vector of the incoming radiation was perpendicular to the b axis, one extraordinary ray will have a polarization vector along the b axis, while the second will be perpendicular to it. From the proposed theory on the appearance of the ILP [26] , it follows that the ILP/ILR will appear if two mutually perpendicular in-plane directions existed in monoclinic crystals along which all transition dipoles are aligned. Strictly speaking, there are no such directions. However, all transition dipole moments of B u symmetry type, although randomly oriented in the ac plane, can be projected in any arbitrary direction in the ac crystal plane, which is also perpendicular to the b crystal axis. Thus, the plane formed for the direction that was in the ac plane and the b axis, should satisfy the condition for the appearance of an ILP i.e. ILR, in its polarized reflectance spectra. This condition would be naturally satisfied for ab and bc crystal planes, due to the perpendicularity between the b axis and the a and c axes. Thus, an ILR (more common than ILP, as the angle of incidence departed from 0 °) was expected to form in the polarized IR reflectance spectra of ab (001) and bc (100) planes of the monoclinic crystals ( Figure 5) .
In polarized spectra from the ab and bc planes, for KNiSH and KNiSeH the ILR was well established. Apart from the appearance of the ILR, the spectra for the pairs of supplement angles of polarization (0°, 180°), (20°, 160°), (40°, 140°), (60°, 120°) and (80°, 100°) for the ab plane in KNiSH were nearly identical. That the appearance of ILR was due to perpendicular nature of the directions can be checked using eq. (1) 
Generated spectra based on eq. (1) at φ angle of polarization are shown in Figure 6 . R 1 and R 2 in the eq. (1) were the polarized reflectance spectra along the b and a axes recorded from (001), or the polarized reflectance spectra along b and c if recordings were performed from (100) plane.
The match of the recorded polarized spectra in Figure 5 with the corresponding calculated spectra in Figure 6 was undeniable. The reason for the appearance of ILP cannot be the existence of the two optical axes in biaxial crystals although it is true that if the direction of propagation coincides with the optical axis the crystal behaves as isotropic, i.e. it is polarization indifferent [17] . However, it is quite unlikely that these two directions ([001] and [100]) are the optical axes, knowing the real and imaginary principal axes of the complex dielectric tensor for the x and z components do not coincide. 6 . Generated polarized IR reflectance spectra for KNiSeH single crystal planes ab, (001) and bc, (100), using eq. (1). Recorded spectra with polarization along the a and b axes for (001), while spectra with polarization along the b and c axes for (100) were needed for the generation of the other spectra. ILP instead of ILR appears here. The spectra are practically identical to the originally measured in Figure 5 .
Even if the principal real and imaginary dielectric tensor's axes for some of the frequencies (modes) would be close, it would be difficult to explain why the ILP appeared for every overlapping band region, especially when the principal axes directions would be frequency dependent. It would also be inconsistent with the appearance of the ILR in every set of reflectance spectra, recorded from every plane parallel to the b axis.
If the condition of perpendicularity was not satisfied, meaning that if stepwise polarized reflectance spectra were being recorded from a plane not parallel to the b crystal axis, no ILR was expected to appear. This is demonstrated in Figure 7 , where polarized spectra from the (111) As seen from Figure 7 , the change in the polarization profiles of crystals were irregular in the sense that overlapping bands started to appear at some polarization angle, but did not reach their zero or near-zero reflectance values, and no distinct ILR was visible. Spectra in Figure 7 lack matching spectra for supplement pairs of polarization angles, as were seen in the experimental spectra in Figure 5 . Although the corresponding spectra start from nearly a common point at the far right (1040 cm -1 , cf. Figure 7) , they quickly diverged. The application of the second method to establishing the direction of the b crystals axis (compared to the first method), did not require presumption of whether planes from which the spectra were recorded were symmetry equivalent or not. With respect to the cross-polarization method as will be shown, it has the advantage to be visually more suggestive due to the low reflectance of the crossed-polarization bands.
The cross-polarized IR reflectance method [21] uses polarization along the investigated direction, and the analyzer perpendicular to it. This experimental condition was supported by theory in Section 3, point 3. Namely, if the wave vector was perpendicular to the principal dielectric axis (y in this case) and the polarization of the wave was along this axis, the wave retained its polarization on normal reflection and refraction. However, if it was not the case, elliptic wave would result. On passing through an analyzer placed perpendicular to the polarizer, a portion of the radiation would pass to the detector if the reflected radiation was elliptically polarized. This radiation would be however very weak. On the other hand (with respect to previously discussed methods), the procedure is much easier, since recording only one spectrum is enough.
If the polarizer was oriented along the b axis and analyzer perpendicular to it, near to 0 % reflectance (depending on polarizer quality and experimental conditions) should result (cf. Figure 8) . Although this percentage was comparable for both KNiSH and KNiSeH, (0.8 % and 0.2 % respectively), the reflectance percentage along the other two crystal axes for both crystals were also low (7.5 % along the a axis and 1 % along the c axis for KNiSH, and 1.5 % along a and 1.2 % along the c axis for KNiSeH). The reflectance of the ss-polarized spectra (the polarizer and the analyzer were parallel to each other) yielded values for KNiSH of 53 % along the a axis, 56 % along the b axis and 64 % along the c axis, and for KNiSeH of 50 % along the a axis, 42 % along the b axis and 27 % along the c axis (cf. Figure 8) . The reflectance ss-and spspectra were recorded from the (001) plane for bpolarization of the polarizer, and from (010) plane for polarization directions along the a and the c axis for both crystals. Nevertheless, the percentage of non-compensation along the a and c axes for KNiSH and KNiSeH, was characteristic only of the frequency regions of ν 3 (SO 4 2-) and ν 3 (SeO 4 2-) respectively, where the most prominent bands were present. The cross-polarized reflectance spectra in other frequency regions (like the HOH stretching region just above 3200 cm -1 ), showed little difference between b, c or a axes. These data indicated the IR cross-polarization reflection method should be used with caution when establishing the direction of the b crystallographic axis in monoclinic crystals, because of the weak intensity of the noncompensations due to anisotropy along directions other than the b axis.
CONCLUSIONS
Two methods were introduced that could be used to check or find the orientation of monoclinic single crystal's b axis and the ac crystal plane. The methods employed polarized IR reflectance spectroscopy for which a polarizer and a specular reflectance accessory were needed, something that is a standard equipment in a laboratory for IR spectroscopy. Both methods were based on the symmetry and dielectric properties of monoclinic single crystals. As model crystals, monoclinic single crystals of KNiSH and KNiSeH Tutton salts were used. Although both crystals belonged to the centrosymmetric monoclinic-prismatic crystal class (C 2h factor group), the methods would also apply to crystals belonging to the other two non-centrosymmetric monoclinic crystal classes as well.
The first method takes advantage of the fact that the y principal dielectric axis in monoclinic crystals is oriented along the b crystal axis, so that IR s-polarized reflectance spectra recorded from any plane parallel to the b axis, (and, with polarization direction along this axis) should be the same. However, it appears that same spectra were also obtained if recordings were taken from symmetry equivalent planes in the direction of polarization along the intersecting line of the planes. Thus, for both crystals, identical IR reflectance spectra resulted from (110) and ) 0 1 1 ( planes with polarization along the c axis. For crystal classes with factor groups C s or C 2 , the equivalent planes would match each other by the symmetry element of reflection from a plane perpendicular to the b axis or rotation about this axis, respectively. For uncovering the true b axis direction, spectra from non-equivalent planes were needed. Thus, if s-polarized reflectance spectra recorded with the same direction of polarization from symmetry non-equivalent planes were identical, then the polarization direction was parallel to the b crystal axis.
The second method was based on the rules for the appearance of an isosbestic-like point/region [26] , a frequency (or frequency region) where all the polarized IR reflectance bands recorded from a particular plane had the same reflectance, which was represented as an intersecting point (or a relatively narrow region where intersecting points accumulated). As the b crystal axis and the ac crystal plane were perpendicular, planes formed by the b axis and any direction in the ac crystal plane should conform to the rule for the appearance of an isosbestic-like point/region. Thus, if isosbestic-like regions appeared for each group of polarized IR reflectance spectra recorded from different reflectance planes, the direction of plane intersection was the actual b axis of the crystal. The two methods were compared with the crosspolarization method (already known to be applicable for crystal orientation), and cross-polarized spectra for the two crystals with polarizations along the crystal axes were recorded. The noncompensation due to anisotropy for the crosspolarized spectra along the a or c axis was no more than 7.5 % and no less than 1 % reflectance. The results of 0.8 % to 0.2 % non-compensation for the cross-polarized spectra, when the polarization is along the b axis, were from polarizer imperfections. Moreover, no distinction could be made between the cross-polarized spectra for the polarizations along the a, b or c axis, when inspecting a region other than the frequency region where the most prominent bands (c.a. 50 % reflectance) appear. Precautions must be taken when making a decision based on cross-polarization spectra.
Although each of the methods had advantages, they also had weaknesses. As a result, the orientation of the single crystal should be determined using at least two (if not all three methods) before a reaching the final decision.
